This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. The correlation of genetic alterations with response to neoadjuvant chemotherapy (NAC) has not been fully revealed. In this study, we enrolled 247 breast cancer patients receiving anthracycline-taxane-based NAC treatment. A next generation sequencing (NGS) panel containing 36 hotspot breast cancer-related genes was used in this study. Two different standards for the extent of pathologic complete response (pCR), ypT0/isypN0 and ypT0/is, were used as indicators for NAC treatment. TP53 mutation (n = 149, 60.3%), PIK3CA mutation (n = 109, 44.1%) and MYC amplification (n = 95, 38.5%) were frequently detected in enrolled cases. TP53 mutation (P = 0.019 for ypT0/isypN0 and P = 0.003 for ypT0/is) and ERBB2 amplification (P < 0.001 for both ypT0/isypN0 and ypT0/is) were related to higher pCR rates. PIK3CA mutation (P = 0.040 for ypT0/isypN0) and CCND2 amplification (P = 0.042 for ypT0/is) showed reduced sensitivity to NAC. Patients with MAPK pathway alteration had low pCR rates (P = 0.043 for ypT0/is). Patients with TP53 mutation (−) PIK3CA mutation (−) ERBB2 amplification (+) CCND1 amplification (−), TP53 mutation (+) PIK3CA mutation (−) ERBB2 amplification (+) CCND1 amplification (−) or TP53 mutation (+) PIK3CA mutation (+) ERBB2 amplification (+) CCND1 amplification (−)had significantly higher pCR rates (P < 0.05 for ypT0/isypN0 and ypT0/is) than wild type genotype tumors. Some
| INTRODUC TI ON
Neoadjuvant chemotherapy (NAC) is being increasingly used in locally advanced breast cancers to limit the extent of surgery in the breast and axilla. Some patients are sensitive to chemotherapy and reach pathologic complete response (pCR) after NAC. Those patients who reach pCR after NAC have more favorable prognosis than those who do not. 1 Many biomarkers are reported to be associated with pCR, including negative ER expression, 2 positive HER2 expression 3 and high Ki67 expression. 4 Some studies have developed prediction models of pCR based on gene expression analysis with cDNA microarrays, such as Genomic Grade Index 5 and DLDA-30 Pharmacogenomic Predictor. 6 These models had a predictive value in breast cancer patients receiving NAC treatment. Apart from those immunochemistry (IHC) biomarkers and prediction models, genetic polymorphism of a few genes, such as TP53, 7 BRCA1/2 8 and FGFR4, 9 was also reported to predict pCR.
However, these studies based on conventional DNA sequencing only focused on limited DNA sites.
Next-generation sequencing (NGS) is a high-throughput, timeeffective and cost-effective method for parallel analyses. Through NGS, whole-exome sequencing was conducted for individual patients and portrayed mutation maps for breast cancers. 10 For clinical application, many NGS gene panels containing mutational hotspots varied for different sequencing platforms. It is common to use NGS panels containing BRCA1/2 or other related genes for auxiliary diagnosis of hereditary breast cancers or to assess breast cancer risk. [11] [12] [13] [14] Moreover, NGS also can be used for archived, formalin-fixed and paraffin-embedded tissue (FFPE) samples to analyze genetic mutation over time. Some designed NGS panels have also been used to depict gene mutation profiling for different purposes. For example, Park et al 15 , using FFPE samples and NGS panels, found that several actionable mutations were different in NAC patients who reached pCR compared with non-pCR patients. However, the panel they used did not contain high frequency altered genes which were specific for breast cancers.
In the present study, we aimed to analyze the relationship between cancer alterations with chemosensitivity in stage II-III breast cancer patients who received anthracycline-taxane-based NAC treatment. A commercial breast cancer-specific gene panel, which contains hotspot genes for breast cancer, was used for deep sequencing on FFPE samples. Figure S1 .
| MATERIAL S AND ME THODS

| Patients and samples
In the present study, we used 2 different definitions of pCR:
ypT0/isypN0 (no residual invasive disease in the breast and node) and ypT0/is (no residual invasive disease in the breast but possibly with nodal involvement). For each patient, estrogen receptor (ER) and progesterone receptor (PR) were evaluated using pre-NAC 
| Statistical analysis
Pearson's χ 2 test and Fisher's exact test were used to set features, including clinical features and genetic alterations, associated with pCR. A multivariate analysis was performed using binary logistic regression analysis for genetic alterations to identify which were related to pCR. Nonsynonymous genetic alterations in at least 1 sample were mainly classified into 3 tumor-associated path- analysis was performed with SPSS 16.0 (SPSS, Chicago, IL, USA). The 2-sided significance level was set at P < .05.
| RE SULTS
| Patients' characteristics
Patients' characteristics are shown in Table 1 
| Breast cancer genetic alterations and pathway involved
For sequencing depth, 234 cases (94.7%) had high median coverage depth (>500×) and 233 (94.3%) cases had high unique coverage depth (>100×). A total of 245 patients (99.2%) harbored at least 1 somatic alteration. The most frequently nonsynonymous alterations were detected on TP53 (n = 152, 61.5%), PIK3CA (n = 109, 44.1%), MYC (n = 99, 40.1%) and ERBB2 (n = 76, 30.8%). Gene amplifications were frequently detected on MYC (n = 95, 38.5%), ERBB2 (n = 67, 27.1%) and CCND1 (n = 37, 15.0%). All genetic alterations in this study are shown in Figure 1 . The schematic structure of TP53 and PIK3CA is illustrated in Figure S2 .
Based on the known function of genes, genetic alterations were mainly classified into 3 pathways (Figure 2 Twenty-six cases which harbored mutated PIK3CA also had other altered genes related to the PI3K pathway.
In addition, we compared the frequency of genetic alterations among different subtypes of breast cancer (Table S2 ). The distribution of altered TP53 was statistically different among subtypes (P < .001). TP53 alterations were lower in HR+HER2− cancers Table 2) . In this analysis, clinical features, such as positive node status (P = .005 for ypT0/isypN0; P < .001 for ypT0/is), negative HR expression (P < .001 for ypT0/isypN0 or ypT0/is) and positive HER2 status (P < .001 for ypT0/isypN0 or ypT0/is), were associated with higher possibility of pCR. For genetic alterations, patients with mutated TP53 status tended to have higher possibility of pCR (P = .019 for ypT0/isypN0; P = .003 for ypT0/is). ERBB2 amplification tested by NGS (P < .001
for both ypT0/isypN0 and ypT0/is) was also related to higher pCR rates. Mutated PIK3CA or amplified CCND1 was related to lower pCR rates with statistically significance (PIK3CA mutation, P = .040 for ypT0/isypN0; CCND1 amplification, P = .042 for ypT0/is). However, in analyzing the correlation between pathway alterations with pCR ( Table 2) , alterations of PI3K and RB pathways showed trends of lower pCR rates with no statistical significance. Altered MAPK pathway was significantly associated with pCR (P = .043 for ypT0/ is). In multivariate analyses for genetic alterations (Table S3) , ERBB2 amplification and CCND1 amplification demonstrated a relationship with pCR (ERBB2 amplification, P = .002 for ypT0/isypN0 and P = .003 for ypT0/is; CCND1 amplification, P = .032 for ypT0/is).
| Different somatic mutation subtypes leading to diverse neoadjuvant chemotherapy effect
To further analyze the association between high frequency alterations and the NAC effect, we classified the patients with different status of 4 altered genes, which showed a relationship with pCR. We further analyzed these different somatic mutation subtypes with the NAC effect (pCR or non-pCR). Sixteen different combinations of gene alterations among TP53 mutation, PIK3CA mutation, ERBB2 amplification and CCND1 amplification are listed in Figure 3 , but only 6 combinations had more than 15 patients in each category.
When compared with wild type genotype (TP53 mutation [−] PIK3CA
plification (−) had significantly higher pCR rates (P < .05 for ypT0/ isypN0 and ypT0/is, Figure 3A and B).
| Genetic alteration and related pathway that predispose to pathologic complete response in different subtypes
In addition, we analyzed the rates of ypT0/isypN0 (Table 3 ) and ypT0/is (Table S4) in genetic alterations within different subtypes to reveal relationships between genetic alterations and chemosensitivity. In HR−HER2+ tumors, PIK3CA mutation (P = .040 for ypT0/isypN0; P = .041 for ypT0/is) and MYC amplification (P = .020 for ypT0/isypN0; P = .002 for ypT0/is) were associated with lower pCR rates. However, in HR+HER2− tumors, MYC amplification was related to higher pCR rates (P = .074 for ypT0/isypN0; P = .028 for ypT0/is). For HR−HER2− and HR+HER2+ tumors, no genetic alterations had statistically significant association with pCR.
| D ISCUSS I ON
In this study, we detected cancer-related genes using CNB tissues of breast cancer patients and the NGS method. To focus on the hotspot genes with high frequency in breast cancer samples and to obtain high quality data with deep sequence results, we used commercially available breast cancer-specific NGS panel sequencing (Beikang, Burning Rock Biotech).
For 36 candidate genes, 32 genes had altered in at least 1 patient. TP53, PIK3CA and MYC had high frequency (>40%) of alterations, which was in accordance with previous studies. 10, 16, 17 Most genes (24/32, 75.0%) had low-frequency (<10%) of alterations. 10 The alteration frequency of some genes was different among clinical subtypes. For example, TOP2A was closed to HER2 on chromosome 17 and was reported to be frequently co-amplified in HER2 positive breast cancers. 18, 19 We also found that TOP2A had higher frequency of alterations in HER2-positive subtypes (Table S2) . As for GATA3
and FOXA1, which have been proven to have functional effects on the ESR1 pathway 20 and to have high expression levels in ER positive breast cancers, 21, 22 they were also found to be altered frequently in HR-positive tumors (Table S2 ).
There were 3 main definitions for pCR, which were ypT0/isypN0
(no residual invasive disease in the breast and node), ypT0ypN0 (no residual disease in the breast and node) and ypT0/is (no residual invasive disease in the breast but possibly with nodal involvement).
For breast cancer patients who received NAC, pCR (no matter which definition was used) could be a favorable prognosis indicator. 1, 23, 24 In particular, there was no statistically significant difference in the prognosis between ypT0/isypN0 and ypT0ypN0. 23, 24 Although ypT0/is was not a better indicator for prognosis when compared with ypT0/isypN0 and ypT0ypN0, 23 it could be used as a chemosensitivity indicator for breast cancer patients with NAC. 1 Therefore, we used ypT0/isypN0 and ypT0/is simultaneously as definitions for pCR in this study.
Then we calculated associations between gene mutations or amplifications with pCR in all cases and different subtypes. Only genes with frequency of alteration over 15% were enrolled in this analysis. Therefore, high frequency gene mutation, such as for TP53 and PIK3CA, and high frequency gene amplification, such as for ERBB2, MYC and CCND1, were further analyzed.
It is known that TP53 is frequently altered in the majority of human cancers. 25 Along with TP53 alterations, breast cancers were more sensitive to DNA-damaging therapy because of loss of p53-dependent transcriptional control. 26 We found that TP53 was altered in 61.2% of cases and it had higher alteration rates in HR−HER2− tumors (Table S2 ). For breast cancers that harbored TP53 mutation, it was easier to reach pCR (Table 2) . However, when analyzing the relationship between TP53 mutation and pCR in different subtypes, TP53 mutation had higher pCR rates in HR+HER2− tumors with no statistical significance (Table 3 and Table S4 ).
PIK3CA is the second most commonly mutated gene next to TP53 in many human cancers. 25 In breast cancers, PIK3CA mutated frequently 10 and was enriched in luminal tumors, especially in luminal A subtype. 10, 25, 27 The same phenomenon was also found in our study (Table S2) . We found that tumors with mutated PIK3CA were less sensitive to NAC (Table 2) , as previously reported. 28 Majewski et al 29 reported that the pCR rate of HER2-targeted therapy for PIK3CA wild-type tumors was higher in ER−HER2+ subtypes than that in ER+HER2+ tumors. In our study, PIK3CA wild-type tumors had higher pCR rates in HR-HER2+ subtype than the other 3 subtypes and the association between PIK3CA mutation and pCR had statistical significance only in HR−HER2+ tumors (Table 3 and Table   S4 ). Although patients with mutated PIK3CA were not sensitive to traditional chemotherapy, they may be benefit from dual inhibition of B cell lymphoma-extra large (BCL-X L ) and mTOR/4E-BP axes, which could sensitize these patients to traditional chemotherapy. 30 In the present study, we investigated ERBB2 gene status using the NGS method. Among 65 cases (26.5%) with ERBB2 amplification, 56 (86.0%) were detected in HER2-positive diseases. In this study, both HER2-positive status (IHC-3+ and/or amplified FISH results) and ERBB2 amplification tested by NGS were significantly related to higher pCR rates (Table 2) . We also found 9 (3.6%) cases harboring mutated ERBB2 without ERBB2 amplification. Only 1 case (1/9, 11.1%) reached pCR after NAC treatment.
The MYC gene is overexpressed in many breast cancers. In our study, we found that its amplification rate was 38.5%. As for MYC amplification, it showed significant correlation with pCR in both HR−HER2+ and HR+HER2− tumors (Table 3 and Table S4 ). However, Overexpression of CCND1 may be related to gene amplification 32 and result in tumor formation. 33 CCND1 is a member of the cyclin D family and promotes G1-S transition in cell proliferation. 34 In the TransATAC substudy, breast cancers with CCND1 amplification were found to have a poor prognosis. 32 In addition, overexpression of CCND1 demonstrates resistance to chemotherapy in vitro. [34] [35] [36] In this study, CCND1 was amplified in 37 (15.0%) cases, with reported amplification rates from 8.7% to 30%. 32, 37, 38 Cases with amplified CCND1 were negatively related to pCR (Table 2) .
Moreover, we also classified different altered genes into 3 tumor-related pathways. In our study, the RB pathway contained 3 major altered genes, which were RB1, CCND1 and CDK4. The distribution of RB pathway alteration was slightly more in HR-positive disease. However, the RB pathway alteration showed lower sensitivity to chemotherapy with no statistical significance ( Table 2) .
As for the MAPK pathway, which was altered significantly more in triple-negative breast cancers in this study (Table S2) , its aberrant activity is important for the progression of tumors. KRAS belonging to Ras families, which are small GTPases activated indirectly by external stimuli, 39 have low frequency of mutation in our study (.8%) and in other published studies. 10, 40 BRAF are also an important component in the MAPK pathway. It mutates frequently in melanoma and papillary thyroid cancer. 39 Targeted BRAF V600E treatment, such vemurafenib 41, 42 and dacarbazine 43, 44 , is approved to be effective in melanoma. In breast cancers, BRAF is rarely reported to be mutated. 45 The mutation rate was also under 3.0% in our study. In addition, MAPK pathway alteration was significantly related to a lower pCR rate (Table 2) . Aberrant MAPK pathway is also reported to be involved in tamoxifen resistance. 46 The third pathway analyzed in our study was the PI3K pathway, which was found altered in 139 (56.3%) cases. It is reported that alteration of the PI3K pathway is mainly observed in HR-positive diseases. 47 The highest alteration rate of the PI3K pathway was found in HR+HER2− breast cancers (Table S2 ). In addition, aberrant activation of the PI3K pathway is related to resistance to endocrine therapy and chemotherapy. 48, 49 The resistance to endocrine therapy may be on account of inducing estrogen-independent transcriptional activity. 50 Activation of the PI3K pathway may overcome proapoptotic signals of anti-cancer drugs and leads to chemoresistance. 51 Therefore, inhibition of the PI3K pathway is proved to promote cytotoxic effects in chemotherapy. 52 In this study, cases with PI3K pathway alterations had lower pCR rates than non-alteration cases with no statistical significance (Table 2) .
With the development of targeted sequencing leading to lower cost and higher depth of coverage, more NGS panels are being applied in clinical practice. Multiple gene alterations can be detected at one time. Some gene alterations have been proven to be related to clinical outcomes, as discussed above. Moreover, patients with specific gene alterations may have the opportunity to receive targeted therapy, which may be approved or investigational. The targeted therapies of detected genes in this study are summarized in Table   S5 . It is a challenge in clinical practice to choose a suitable therapy for patients who harbor gene alterations.
In conclusion, we used NGS panels to detect breast cancerrelated gene alterations in FFPE CNB samples. Gene alterations, such as TP53 mutation, PIK3CA mutation, ERBB2 amplification and CCND1 amplification, and MAPK pathway alteration were associated with pCR in our study. Our study may shed light on the molecular characteristics of breast cancer for prediction of NAC expectations when breast cancer is first diagnosed by biopsy.
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